We have previously shown that commonly expressed miRNAs influenced tumor molecular phenotype in colorectal cancer. We hypothesize that infrequently expressed miRNAs, when showing higher levels of expression, help to define tumor molecular phenotype. In this study, we examine 304 miRNAs expressed in at least 30 individuals, but in o 50% of the population and with a mean level of expression above 1.0 relative florescent unit. We examine associations in 1893 individuals who have the tumor molecular phenotype data as well as miRNA expression levels for both carcinoma and normal colorectal tissue. We compare miRNAs uniquely associated with tumor molecular phenotype to the RNAseq data to identify genes associated with these miRNAs. This information is used to further identify unique pathways associated with tumor molecular phenotypes of TP53-mutated, KRAS-mutated, CpG island methylator phenotype and microsatellite instability tumors. Thirtyseven miRNAs were uniquely associated with TP53-mutated tumors; 30 of these miRNAs had higher level of expression in TP53-mutated tumors, while seven had lower levels of expression. Of the 34 miRNAs associated with CpG island methylator phenotype-high tumors, 16 were more likely to have a CpG island methylator phenotype-high tumor and 19 were less likely to be CpG island methylator phenotype-high. For microsatellite instability, 13 of the 22 infrequently expressed miRNAs were significantly less likely to be expressed in microsatellite unstable tumors. KRAS-mutated tumors were not associated with any miRNAs after adjustment for multiple comparisons. Of the dysregulated miRNAs, 17 were more likely to be TP53-mutated tumors while simultaneously being less likely to be CpG island methylator phenotype-high and/or microsatellite instability tumors. Genes regulated by these miRNAs were involved in numerous functions and pathways that influence cancer risk and progression. In summary, some infrequently expressed miRNAs, when expressed at higher levels, appear to have significant biological meaning in terms of tumor molecular phenotype and gene expression profiles.
Molecular pathological epidemiology is a growing field of study that utilizes molecular information from tumors to better understand disease processes and progression. 1 Assessment of tumor molecular phenotype in colorectal cancer has led to a better understanding of lifestyle factors that are uniquely associated with specific tumor phenotype. [2] [3] [4] [5] [6] [7] [8] [9] [10] Tumor markers also have been examined with survival in an effort to identify biomarkers that can be used to predict prognosis and provide individualized treatment. [11] [12] [13] [14] [15] [16] While most studies have focused on common tumor molecular phenotype, such as TP53-mutated and KRAS-mutated tumors, microsatellite instability, and CpG Island Methylator Phenotype, studies are now examining other characteristics of tumors such as gene expression and miRNA expression that may be important in identifying key disease pathways. 11, 14, 17, 18 MiRNAs are small, non-protein-coding RNA molecules that regulate gene expression either by posttranscriptionally suppressing mRNA translation or by causing mRNA degradation. [18] [19] [20] [21] [22] [23] We have previously shown that commonly expressed miRNAs influence tumor molecular phenotype in colorectal cancer, with the greatest number of differentially expressed miRNAs being observed for microsatellite unstable tumors compared to microsatellite stable tumors. 24 MiRNAs were less frequently differentially expressed for TP53-mutated tumors, KRAS-mutated tumors, and CpG island methylator phenotype-high tumors. Most research focusing on miRNAs and tumor phenotype have focused on microsatellite unstable and CpG island methylator phenotype-high tumors 25 and on targeted miRNAs. Most targeted miRNAs studied, such as miR-21, are commonly expressed in tumors. Examination of infrequently expressed miRNAs may provide insight into unique pathways associated with tumor molecular phenotype.
In this study, we focus on miRNAs that are infrequently expressed in normal colorectal mucosa and carcinoma tissue. We have previously shown that 34.5% of miRNAs expressed in colon tumor tissue are expressed in fewer than 10% of the population. 26 Almost half of the miRNAs expressed in colorectal cancer tissue are expressed in less than half of the population. This presents two interesting questions: first, are low levels of expression purely noise in the data representing background expression levels; second, are infrequently expressed miRNA meaningful when expressed at higher levels beyond what could be considered background noise? Since tumor molecular phenotype also varies in percentage of the population with a given phenotype, it is a logical question to determine if infrequently expressed miRNAs when expressed at higher levels are associated with unique tumor molecular phenotypes. In this study, we examine associations between tumor molecular phenotype and infrequently expressed miRNA to determine if such associations exist. We further examine infrequently expressed miRNAs to determine genes they may be associated with gene expression when expressed at higher levels along with functions and pathways associated with those genes. The size and design of this study makes in uniquely powered to examine the role of infrequently expressed miRNAs as they relate to colorectal cancer.
Methods

Study Participants
Study participants were recruited as part of two population-based case-control studies that included all incident colon and rectal cancer between 30 and 79 years of age who resided in Utah or were from the Kaiser Permanente Medical Care Program in Northern California. Participants were white, Hispanic, or black for the colon cancer study and also included participants of Asian race for the rectal portion of the study. 27, 28 Case diagnosis was verified by the tumor registry data as a first primary adenocarcinoma of the colon or rectum and were diagnosed between October 1991 and September 1994 for the colon cancer study and between May 1997 and May 2001 for the rectal cancer study. Detailed study methods have been described. 26 The study was approved by the Institutional Review Boards at the University of Utah and Kaiser Permanente Medical Care Program in Northern California.
RNA Processing
Formalin-fixed paraffin-embedded tissue from the initial biopsy or surgery was used to extract RNA. Both carcinoma tissue and adjacent normal mucosa were used. Tissue was micro-dissected from 1-4 sequential sections on aniline blue stained slides using an H&E slide for reference. Total RNA was extracted, isolated, and purified using the RecoverAll Total Nucleic Acid isolation kit (Ambion); NanoDrop spectrophotometer was used to determine RNA yields.
miRNA
The Agilent Human miRNA Microarray V19.0 containing probes for 2006 unique human miRNAs was used. The data were required to pass stringent quality control parameters established by Agilent to be included in the analyses. Quality control parameters included tests for excessive background fluorescence, excessive variation among probe sequence replicates on the array, and measures of the total gene signal on the array to assess low signal. If samples failed to meet quality standards for any of these parameters, the sample was re-labeled, hybridized to arrays, and re-scanned. If a sample failed quality control assessment a second time, the sample was deemed to be of poor quality and the sample was excluded from analysis. Our previous analysis has shown that the repeatability associated with this microarray was extremely high (r = 0.98), 26 and that comparison of miRNA expression levels obtained from the Agilent microarray to those obtained from qPCR had an agreement of 100% in terms of directionality of findings and that the fold change calculated for the miRNA expression difference between carcinoma and normal colonic mucosa was almost identical. 29 Of the 2006 unique human miRNAs assessed on the Agilent microarray, 1226 were expressed in colon carcinoma tissue and 1179 in normal colon mucosa.
To normalize differences in miRNA expression that could be attributed to the array, amount of RNA, location on array, or factors that could erroneously influence miRNA expression levels, total gene signal was normalized by multiplying each sample by a scaling factor, 30 which was the median of the 75th percentiles of all the samples divided by the individual 75th percentile of each sample.
mRNA: RNAseq Sequencing Library Preparation and Data Processing
Total RNA was run on 245 carcinoma and normal mucosa pairs; of these 217 paired samples passed quality control and were used in analyses. Tissues samples taken from the study subjects at time of diagnosis were used for RNA extraction as previously described. 31 For mRNA analysis, RNA library construction was done with the Illumina TruSeq Stranded Total RNA Sample Preparation Kit with Ribo-Zero. The samples were then fragmented and primed for cDNA synthesis, adapters were then ligated onto the cDNA, and the resulting samples were then amplified using PCR; the amplified library was then purified using Agencount AMPure XP beads. A more detailed description of the methods can be found in our previous work. 32 Illumina TruSeq v3 single read flow cell and a 50 cycle single-read sequence run was performed on an Illumina HiSeq instrument. Reads were aligned to a sequence database containing the human genome (build GRCh37/hg19, February 2009 from genome. ucsc.edu) and alignment was performed using novoalign v2.08.01. Total gene counts were calculated for each exon and UTR of the genes using a list of gene coordinates obtained from http://genome. ucsc.edu. We dropped features that were not expressed in our RNAseq data or for which the expression was missing for the majority of samples, retaining 17,384 protein-coding genes. 32 
Tumor Molecular Phenotype
We have previously assessed TP53 and KRAS mutations, 4, 8, 33 the CpG island methylator phenotype using the classic panel that consisted of MLH1, CDKN2A and MINT1, MINT2 and MINT31, 34 and microsatellite instability based on the mononucleotide repeats at BAT26 and TGFβR2 and a panel of 10 tetranucleotide repeats that were correlated highly with the Bethesda Panel; 6 our original microsatellite instability studies were done prior to the development of the Bethesda Panel. Tumors were scored as CpG island methylator phenotype-high if two or more of the CpG islands were methylated for the five markers; otherwise they were classified as CpG island methylator phenotype-low/negative. This panel was run prior to the advent of more recent panels. 35, 36 
Statistical Methods
The study focuses on infrequently expressed miRNAs, which we define as being expressed in o 50% of the study population for either normal mucosa or tumor. To be included in the analysis, miRNAs also had to have a mean level of expression of 1.0 Agilent Relative Florescent Unit (ARFU) in tumors or normal mucosa and be expressed in at least 30 individuals. Each infrequently expressed miRNA could be considered expressed or not in each tumor and normal, resulting in three primary dysregulation groups based on the tumor-normal expression differences: upregulated (expressed more in tumor than in normal), downregulated (expressed more in normal than in tumor), and referent (neither up-nor downregulated at the 25%tile/75%tile cutpoints). Rather than forcing the same number of subjects to fall into these three groups for all infrequently expressed miRNAs, cutpoints were selected based on the upper 25% and lower 25% of the tumor-normal differences for all infrequently expressed miRNAs. The resulting three-level dysregulation group factor (up, down, or referent) was used as a predictor in a per-miRNA logistic regression model also adjusting for age, study center, and sex and standardized what was considered true expression for all miRNAs. A total of 304 miRNAs were analyzed that fit these criteria. We used paired carcinoma and normal mucosa miRNA expression, evaluating differential expression between the two tissue types to control for differences in expression by tumor site and other potential confounding factors. Analyses were run separately for overall colorectal cancer, colon cancer, and rectal cancer. We analyzed difference in association for infrequently expressed miRNAs by TP53-mutated versus non-TP53-mutated, KRAS-mutated versus non-KRAS-mutated, CpG island methylator phenotype-high relative to CpG island methylator phenotype-low/negative, and microsatellite unstable compared to microsatellite stable. Adjustment for multiple comparisons was done using the positive false discovery rate Q value; 37 given the infrequent expression of these miRNA, we report any associations for which the Q value was o 0.05.
We compared those miRNA with a Q value of o 0.05 (58 = 7 miRNAs) to the RNAseq data to identify genes whose expression was associated with these infrequently expressed miRNAs. To determine statistical significance between the miRNA::mRNA associations, we ran a Fisher-Pitman Monte Carlo test with 10 000 permutation comparing differences in mean levels of gene expression across miRNA dysregulation groups of ≤ 75 vs 475% in R using the 'coin' package. RPKM (Reads Per Kilobase of transcript per Million mapped reads) the mRNA expression level data were used in these analyses. Identification of networks and functions associated with genes whose mean expression was altered by miRNAs was done using Ingenuity Pathway Analysis; adjustments for multiple comparisons were made using the Benjamini and Hochberg method. 38 Both causal and interaction networks were generated. Interaction networks were limited to 35 molecules per network and 25 networks per analysis, and excluded endogenous chemicals. We focused on algorithmically derived interaction networks, which are assigned a score based on their relevance to the genes in the input data set, the number of focus genes (that is, dysregulated genes in our data that are in that network), and their connectivity. 39 The score is calculated as -log 10 P, where P is generated using a Fisher's exact test. 40 Studies have found scores 43 to be significant, with a score of 3 indicating a 1 in a 1000 chance that the focus genes are in a network due to random chance. [41] [42] [43] Other studies have opted to utilize more stringent criteria and higher scores to ensure that their discovered networks are highly significant; 44, 45 we utilized highly stringent criteria, only including networks with scores over 20.
Results
The study population is described in Table 1 . Over half of the population were males. There were approximately equal numbers of individuals enrolled with proximal and distal colon tumors. Slightly less than half, 47.6%, of tumors had a TP53 mutation, 31.7% had a KRAS mutation, 21.2% were classified as CpG island methylator phenotype-high and 9.1% were microsatellite unstable.
Assessment of TP53-mutated tumors associated with infrequently expressed miRNAs showed that 30 miRNAs were more likely to have a TP53 mutation if they were upregulated in tumors, while seven miRNAs were associated with a lower likelihood of having a TP53 mutation if they were upregulated in tumors ( Table 2 ). Most of the miRNAs (20 of the 37 miRNAs) were associated with a high level of differential expression in o 20% of the. While some miRNAs were associated with a high level of differential expression in a large percentage of the population, these miRNAs were not expressed or extremely infrequently expressed in normal mucosa but were expressed to a greater degree in tumor tissue. There were no miRNAs more likely to have a TP53 mutation if downregulated after adjusting for multiple comparisons. Site-specific associations for colon and rectal cancer generally had Q values of 40.05. However, many of these miRNAs with a Q value of 0.03-0.04 overall had a Q value of 0.07 for colon cancer specifically, most likely reflecting the decrease in power when analyzing colon cancer specifically rather than colorectal cancer combined. The lowest Q values for miRNAs for rectal cancer were 0.083. There were no unique associations with KRAS-mutated tumors.
Thirty-five infrequently expressed miRNAs were associated with CpG island methylator phenotypehigh tumors (Table 3) . Of these, 35 miRNAs, 19 were less likely to be associated with a CpG island methylator phenotype-high tumor when upregulated in tumor tissue, while 16 were more likely to have a CpG island methylator phenotype-high tumor if the miRNA was upregulated in the tumor. Nine of these 35 miRNAs had over 20% of the population in the higher level of differential miRNA expression. As with TP53, many of these miRNAs had similar findings for colon cancer specifically as we observed for overall colorectal cancer, although the lowest FDR was 0.078 for colon cancer even when the raw P-values were o 0.0001 and comparable for both overall colorectal cancer and colon cancer specifically. Also like for TP53, after adjustment for multiple comparisons there were no significant findings between CIMP-high tumors and downregulated miRNAs.
MSI was associated with 22 infrequently expressed miRNAs (Table 4) . Of these miRNAs, the majority (13 of 22) were less likely to be associated with a microsatellite unstable tumor if upregulated in the tumor. Only two of the 22 miRNAs had over 20% of the population in the group of dysregulation. There were no significant associations with microsatellite unstable tumors and downregulated infrequently expressed miRNAs.
We determined which genes were associated with each of the 57 miRNAs that had a Q value of o 0.05 using our RNAseq data. Those associations for all genes whose expression was altered by significant miRNAs are summarized in Supplementary Table 1 . There was considerable overlap in miRNAs associated with tumor molecular phenotype. For instance, 19 miRNAs were associated with both CpG island methylator phenotype-high tumors and TP53-mutated tumors; 9 of these miRNAs also were associated with microsatellite unstable tumors. For Table 2 has all networks with Scores of over 20) derived from genes linked to the 19 miRNAS that were associated with multiple tumor molecular phenotypes of TP53, CpG island methylator phenotype-high, and/or microsatellite unstable (Figure 1 ). Network 1 (immunological disease, inflammatory disease, and inflammatory response) had a Score of 28 and 35 focus molecules, including genes that were influenced by the miRNAs; Network 2 (cell cycle, cancer, cell-to-cell signaling and Interaction) had a Score of 25 and 34 Focus molecules influenced by the genes associated with these miRNAs; Network 3 (amino acid metabolism, small molecule biochemistry, drug Colorectal tumor phenotype and infrequently expressed miRNAs metabolism) also had a Score of 25 and 34 focus molecules associated with genes linked to these miRNAs. The majority of genes in these networks were upregulated (indicated in red) when the miRNAs were expressed at higher levels. The genes that were downregulated (indicated in green NR3C1, TRPM6, GLP2R, ZFYVE28, FGD4, RNF112, TNFRSF17, TNFSF13, and CLEC3B) were all downregulated in the presence of high levels of miR-224-5p. Higher levels of miR-224-5p were more likely to be present in TP53-mutated tumors and less likely to be present in CpG island methylator phenotype-high tumors. PHGDH was upregulated at high levels of miR-19a-3p and KCND3 was upregulated at high levels of miR-424-5p; high levels of miR-424-5p were more likely to have a TP53-mutated tumor and less likely to have a CpG island methylator phenotype-high tumor. MYC expression was associated with six miRNA, miR-151a-3p, miR-19a-3p, miR-3687, miR-374b-5p, miR-4533, and miR-7-5p. Higher levels of miRNA expression for all but miR-4533 were associated with TP53-mutated tumors, while miR-4533 was associated with tumors that were more likely to have microsatellite instability and CpG island methylator phenotypehigh.
Discussion
Our data suggest that some miRNAs, although infrequently expressed, when expressed at higher levels or upregulated, are associated with specific tumor molecular phenotype. We did not have similar associations for downregulated miRNAs. Of those infrequently expressed miRNAs, significantly associated with tumor molecular phenotype when expressed at high levels were more likely to be highly expressed in TP53-mutated tumors and less likely to be associated with CpG island methylator phenotype-high or microsatellite unstable tumors. Many of these miRNAs were associated with altered gene mRNA expression in colorectal cancer tissue when expressed at high levels. Many miRNAs are expressed infrequently in the population and often have low levels of expression when detected. 26 Many of the miRNAs that have levels of expression around 0 could be considered background noise from slight differences in RNA samples despite high quality control. Additionally, although the data were normalized, picking a scale to normalize on is arbitrary and a different scale could have slightly altered what was considered background levels of expression. The Agilent Platform that we used to collect miRNA data in this study has been noted as being able to detect low levels of expression. 46, 47 On the basis of our findings, it appears that very low levels of expression are similar to no expression for most miRNAs, and that distinct associations for specific tumor molecular phenotype can only be seen when examining expression of these miRNAs at higher levels. These higher levels of expression are less likely to be the result of background expression, especially considering associations with tumor molecular phenotype.
To gain insight into pathways and functions of infrequently expressed miRNAs, we utilized our colorectal gene expression data from RNAseq. We assessed which genes were associated with miRNAs when miRNAs were more highly expressed. Since most of these miRNAs are infrequently expressed, there is less information regarding gene associations the existing databases, and even less information for colorectal tissue-specific expression, thus making use of our data imperative. Examining gene expression provided some insight into how these infrequently expressed miRNAs could be associated with various disease pathways. A limitation of RNAseq data, although a common method to determine miRNA::mRNA associations, 48 is that miRNA targeted genes could be missed since gene expression studies more likely capture associations with transcription better than translation. However, we believe that our having RNAseq data in conjunction the miRNA data provides insight into colon-specific direct and indirect functions and pathways associated with these infrequently expressed miRNAs.
Given their infrequent expression, many of the miRNAs evaluated in our study have no known association with colorectal tumor molecular phenotype in the literature. However, our findings suggest that some infrequently expressed miRNAs, when they have high levels of expression in a tumor, may play an important role in tumorigenesis and the development of specific tumor phenotype. For instance, miR-19a-3p, which had about 25-30% of the population with high differential expression, was included previously in a miRNA cluster that functioned alongside Epstein-Barr virus to control gene expression in human B cells through a TP53-induced mechanism. 49 While we could find no reported association between this miRNA, or the others evaluated in this study, and colorectal cancerspecific tumor molecular phenotype, these findings are consistent with our finding that high levels of miR-19a-3p is associated with a TP53 phenotype in colorectal cancer.
It has been shown that TP53 mutations are inversely related to CpG island methylator phenotype-high and microsatellite unstable in colorectal cancer; TP53 mutations are present in higher rates in microsatellite stable tumors, while CpG island methylator phenotype-high tumors also are frequently microsatellite unstable tumors. 33, 50 Our findings support this pattern by demonstrating that certain infrequently expressed miRNAs when upregulated in TP53-mutated tumors are simultaneously more likely to be downregulated in CpG island methylator phenotype-high and microsatellite unstable tumors.
To further put these findings in perspective, we identified three major networks that represented the genes associated with those miRNAs that were upregulated in TP53-mutated tumors and downregulated in CpG island methylator phenotype-high and microsatellite unstable tumors. The first network has NR3C1 as one of its central components (See Figure 1 ). NR3C1 is a glucocorticoid receptor that induces apoptotic cell death, via decreased expression of anti-apoptotic proteins, such as BCL2 and MCL1, and induces expression of pro-apoptotic proteins like BCL2-like apoptosis initiator 11. 51 In earlier studies, NR3C1 has been associated with proximal microsatellite unstable tumors, with hypermethylation of NR3C1 being identified as a marker for microsatellite unstable tumors and a marker to differentiate between CpG island methylator phenotype-high and CpG island methylator phenotype-low/negative phenotypes. 52 These findings correlate with our identified association between the NR3C1 pathway and tumor phenotype; NR3C1 was downregulated in our data, suggesting less likely association with CpG island methylator phenotypehigh and microsatellite unstable tumors. Our findings suggest that differential methylation of NR3C1, and its subsequent role in tumorigenesis and phenotype, may be in part due to the dysregulation Figure 1 Top Ingenuity Pathway Analysis networks associated with genes whose expression is altered by high levels of miRNA expression associated with both TP53 and CpG island methylator phenotypehigh and/or microsatellite instability.
of previously unstudied, infrequently expressed miRNAs.
The NFkB complex is central in our second Ingenuity Pathway Analysis network and is well known in literature for upregulating and promoting various proinflammatory cytokines and linking various gastrointestinal conditions such as inflammatory bowel disease, diabetes mellitus, and colorectal cancer. 53 The classical NFkB pathway plays a major role in linking inflammation to the onset and progression of malignancy in various tissues. 54 One pro,inflammatory stimulus includes red meat consumption, which has been linked to colon cancer and TP53-mutated tumors specifically. 55, 56 A prospective study in Denmark has shown that the combination of polymorphisms in NFκB that downregulate its expression, and high red meat consumption increases the likelihood of developing colorectal cancer. 57 They proposed that lower NFkB activity leads to higher loads of reactive oxygen species secondary to heme degradation, contributing to colorectal carcinogenesis. Moreover, other studies have found that the NFκB pathway to be linked with the TP53 pathway in hepatocellular carcinoma; the crosstalk between these two pathways is critical for the survival of HCC cells in the setting of reactive oxygen species. 58 These previous findings further support an association between the NFkB complex and a TP53 molecular phenotype in certain cancers, especially in the setting of proinflammatory stimuli. Here we suggest that the upregulation of infrequently expressed miRNAs may provide an important link between NFκB and its related genes and TP53 phenotype in colorectal cancer.
In our third Ingenuity Pathway Analysis network, MYC encodes for c-myc, a transcription factor often constitutively amplified, leading to tumor progression of many cancers. In colorectal cancer, aberrant WNT/b-catenin pathway influences the amplification of MYC, leading to increased cellular proliferation. 59 In our data, MYC was upregulated in conjunction with miRNAs that were upregulated in TP53-mutated tumors. Furthermore, the consensus molecular subtype 2 subtype of colorectal cancer is canonically known to have strong WNT/MYC activation in microsatellite stable tumors; this subtype was also found to be highly correlated with TP53-mutated tumors. 60 This suggests that miRNA dysregulation from infrequently expressed miRNAs, may play an important role in MYC's function in TP53-mutated molecular phenotype.
The study has several strengths and weaknesses. First, given the size of the study and the Agilent Platform used, we can identify and examine the impact of infrequently expressed miRNAs. Many studies are too small to be able to determine associations with infrequently expressed miRNAs. Our data set is rich, in that we have information on tumor molecular phenotype as well as RNAseq for a subset of these samples to improve our understanding of how miRNAs alter specific genes in colorectal tissue. One of the limitations of the study, which applies to the field of miRNA research, is the difficulty in understanding the pathways and genes associated with miRNA expression, especially when miRNAs alter multiple genes and genes are modified by multiple miRNAs. We have attempted to address this weakness in part by using our colorectal RNAseq data in conjunction with our miRNA data to identify genes that are up-or downregulated by infrequently expressed miRNAs. In this study, we have used adjacent tissue to the tumor as our comparison tissue. However, there are limitation that the 'normal' tissue is not true normal, although the best tissue available for comparison.
In summary, our data suggest that a large percentage of miRNAs expressed in colorectal tissue are infrequently expressed. However, some of the infrequently expressed miRNAs, when expressed at higher levels influence tumor molecular phenotype. This information is important for consideration pathways associated with cancer as well as examining lifestyle and environmental factors that may alter those pathways. Genes associated with these infrequently expressed miRNAs are involved in a variety of functions that may impact cancer development and prognosis.
